ing the need for more sensitive predictors. Clearly these predictors need to have a specificity of 100%, similar to bilateral absence of the SSEP. Objective: To evaluate the value of continuous electroencephalography in early prognostication in patients treated with hypothermia after cardiac arrest.
M
ild therapeutic hypothermia (TH) improves the neurological outcome in comatose patients after cardiac arrest (1, 2) ; nevertheless survival rates remain poor. In 40%-66% of patients treated with TH after cardiac arrest, consciousness never returns despite treatment (1) (2) (3) (4) (5) . Early identification of patients with poor neurological outcome can prevent continuation of futile medical treatment, decrease intensive care unit (ICU) stay and medical costs, and shorten the time of uncertainty for the patient's family. Early and reliable prognostication is therefore highly relevant, and treating physicians are indeed often confronted with the question whether continuation of treatment is worthwhile (6, 7).
However, early prognostication remains challenging, especially because the predictive values of clinical, biochemical, and electrophysiological variables of poor outcome have become uncertain since the introduction of TH (8) (9) (10) (11) (12) . At present, only a bilateral, absent, short-latency, somatosensory evoked potential (SSEP) response is highly predictive (13) (14) (15) , probably even at 24 hrs after resuscitation in patients treated with TH (3, 16) . Unfortunately, only a small proportion of patients with a poor outcome after resuscitation have negative SSEP responses as the sensitivity is approximately 20%-25%. This results in continuation of treatment in a significant fraction of patients with eventually unfavorable recovery, motivat
The electroencephalogram (EEG) reflects part of the function of cortical neurons (17) , which are the most sensitive for ischemia. It was recently found that absent EEG background reactivity to painful stimulation was associated with poor outcome after cardiac arrest, predicting poor outcome with a sensitivity of 75% and a specificity of 100% (18) . Following transient cerebral ischemia, a complex series of pathophysiological events occurs that evolve in time (19, 20) . Part of these changes and neuronal recovery can be observed with continuous EEG monitoring. Evolution of EEG patterns, starting with the period during TH, may therefore provide clinically relevant information regarding recovery from postanoxic coma.
We performed a prospective cohort study to explore whether continuous EEG monitoring and the changes in the EEG dynamics may serve as improved predictors for neurological outcome in patients treated with TH after cardiac arrest.
MATERIALS AND METHODS
Design. From June 2010 to July 2011, we conducted a single-center, prospective cohort study in patients who were treated with TH after cardiopulmonary resuscitation. The study setting was the 18-bed general and 10-bed thorax ICU of the Medisch Spectrum Twente, Enschede, The Netherlands. The Institutional Review Board waived the need for informed consent for EEG monitoring during ICU stay. However, for additional electrophysiological and clinical evaluation after discharge from the ICU, local institutional review board approval and written informed consents were obtained.
Patients. Consecutive adult patients (aged >18 yrs), who were resuscitated after a cardiac arrest, remained comatose, were admitted to the ICU, and received TH were included. Exclusion criteria were other neurological injuries such as brain hemorrhages or traumatic head injury, or any known history of severe neurological disorders like brain surgery or brain trauma.
Treatment. Patients were first evaluated by a cardiologist in the emergency department and treated according to current standard therapy. Patients were then transferred to the ICU for TH. According to our protocol, comatose survivors are treated with TH regardless of the initial cardiac rhythm or the location of arrest (in-hospital or out-of-hospital). Hypothermia of 33°C was induced and maintained for 24 hrs by intravenously administering 2 L of cold saline and by using cooling pads. Thereafter, patients were passively rewarmed at a maximum of 0.5°C/hr to normothermia. According to local protocols, propofol and fentanyl or remifentanil was used for sedation and against shivering until the body temperature had reached 36.5°C. Sedation was aimed at a level equivalent to a score of −4 (deep sedation) or −5 (unarousable) at the Richmond AgitationSedation Scale (21, 22) . On indication, a nondepolarizing muscle relaxant (rocuronium) was used intermittently to avoid compensatory shivering. The decision to give a muscle relaxant was made by the treating physician and not based on the EEG. Stable patients who regained consciousness were extubated when they were able to protect their airway and the airway was patent.
Electroencephalogram. EEG recordings were started as soon as possible after the patients' arrival on the ICU and continued up to 5 days or until discharge from the ICU. Twenty-one silver-silverchloride cup electrodes were placed on the scalp according to the international 10-20 system. Recordings were made using a Neurocenter EEG recording system (Clinical Science Systems, Voorschoten, The Netherlands). For practical reasons, EEG recordings were not started late at night. Instead, for patients admitted to the ICU after 11 pm, the recordings were started the next morning at 7 am.
All EEG analyses were performed after the registrations. EEG data played no role in actual prognostication of outcome or treatment decisions. However, the treating physicians were not completely blinded to the EEG to allow treatment of epileptiform discharges. Treatment of epileptiform discharges was left at the discretion of the treating physician. Later, 5-min EEG epochs were automatically selected every hour during the first 48 hrs after resuscitation and every 2 hrs during the remainder of the registration. All epochs were visually scored by an experienced electroencephalographer in random order, blinded to the point in time of the recording and blinded to the patient who the epoch belonged to. Each epoch was placed in one of the following categories: isoelectric, low voltage, burst suppression, diffuse slowing, normal, or epileptiform discharges. Each epoch could only be classified into one category, and the reviewer was allowed to skip the epoch if it contained too many artifacts for a clear classification. Isoelectric epochs were defined as epochs without any visible EEG activity. Low-voltage epochs were defined as epochs with EEG activity <20 µV. Burst suppression was defined by the presence of clear increases in amplitude (bursts), followed by interburst intervals of at least 1 sec with low-voltage activity (suppressions). Bursts were required to have EEG amplitudes >20 µV, otherwise the epoch was categorized as low voltage. Diffuse slowing was defined as a continuous EEG pattern with a dominant frequency <8 Hz. Epileptiform discharges included seizures and generalized periodic discharges (GPDs).
Somatosensory Evoked Potential. Daily SSEP measurements were performed during the first 5 days of the ICU stay or until discharge from the ICU. The SSEP was measured after electrical stimulation of the right and left median nerve using a bipolar surface electrode at the wrist. Stimulus duration was 0.3 msecs, and stimulus amplitude was adjusted until a visible twitch was produced. Two sets of >200 responses were averaged, band pass filtered between 0.1 Hz and 2.5 kHz, and notch filtered around 50 Hz. Stimulus frequency was set at 1.7 Hz. Silver-silverchloride cup electrodes were placed at the elbow, Erb's point, cervical spine (C5), and 2 cm posterior to C3 and C4 (C3′ and C4′). Fz was used as a reference electrode. SSEP recordings were made using a Nicolet Bravo system (Viasys, Houten, The Netherlands).
Outcome Assessment. Standard neurological examination was performed daily during the ICU stay. Follow-up was performed after 1, 3, and 6 months. The outcome assessment after 1, 3, and 6 months after resuscitation was always done by the same author (MCC). At 1 or 3 months, the Cerebral Performance Category (CPC) score was determined during a personal meeting or based on a telephone call. The outcome assessment after 6 months was always based on a telephone call. The primary outcome measure was the best score within 6 months on the five-point Glasgow-Pittsburgh CPC scores (23) . Outcome was dichotomized between "good" and "poor." A good outcome was defined as a CPC score of 1 or 2 (no or moderate neurological disability), and a poor outcome as a CPC score of 3, 4, or 5 (severe disability, comatose, or death).
Statistical Analysis. Collected baseline characteristics include age, sex, weight, location of cardiac arrest (in-hospital vs. out-ofhospital), cause of cardiac arrest, and initial cardiac rhythm. Body temperature and drug registration during ICU stay were evaluated as well.
The following variables were compared between the groups of patients with a good neurological (CPC score 1-2) outcome and a poor neurological (CPC score 3-5) outcome: age, sex, percentage of out-of-hospital cardiac arrest, cause of cardiac arrest, initial rhythm, start time of EEG recording, duration of EEG recording, and the maximum dose of sedative and analgesic drugs during the first 24 hrs after cardiac arrest. Statistical analysis was performed using a Pearson chi-square test or a Fisher's exact test for the variables that were categorical. A Pearson chi-square was used when no subgroup had an expected count <5, else a Fisher's exact test was used. An independent t test or a Mann-Whitney U test was applied when the variables were continuous. A Mann-Whitney U test was performed in cases where the variable was not normally distributed.
To evaluate the value of EEG in early prognostication, sensitivities, specificities, positive and negative predictive values, and their 95% confidence intervals were calculated for the different EEG patterns at 12 and 24 hrs after cardiac arrest. Those were compared to the sensitivity and specificity of absent short-latency (N20) SSEP responses within 24 hrs for predicting poor neurological outcome. Note that all mentioned time periods start at the time of cardiac arrest.
RESULTS
Sixty consecutive patients were included in the study. Of these, four patients were excluded in a later stage, two because of intracerebral hemorrhages, one because of technical problems during the EEG registration, and the last one because of death within the first hour of registration. None of the remaining 56 patients was lost during follow-up. Twenty-seven patients (48%) had a good neurological outcome (best CPC score within 6 months ≤2). Two of them died within the first month due to cardiac failure, and one suffered from a cerebral vascular accident after he recovered and was transferred to a nursing home. The other 24 patients with good neurological were able to return to their homes and were still alive after 6 months. Poor outcome occurred in 29 patients, where one patient had severe neurological disabilities (CPC score 3) before he died from cardiac failure; the remaining 28 patients never regained consciousness (CPC score 4-5) and died within the first month. An overview of the patient and measurement characteristics is given in Table 1 .
SSEP During Hypothermia. Bilateral absence of the cortical N20 SSEP response was present in seven patients within the first 24 hrs ( Table 2 ). All of them had a poor outcome, and in none of them the N20 returned in later SSEP measurements. The sensitivity of bilateral absent N20 responses during hypothermia for predicting poor neurological outcome was 24% with a specificity of 100%. The negative predictive value of a bilateral absent SSEP was 55%, with a positive predictive value of 100% (Table 3) .
EEG Patterns. An overview of the trends in EEG patterns in patients with poor and good neurological outcome is given in Figure 1 . Some EEG epochs were excluded from analysis because of artifacts; this occurred in 4% of the epochs.
Within 12 hrs after resuscitation, 44% of the patients with good neurological outcome showed a continuous pattern, whereas at this stage none of the patients with poor neurological outcome showed a continuous pattern (Table 2) . Therefore, the presence of a continuous EEG pattern after 12 hrs could be used to reliably predict good neurological outcome (Table 3) . .07
a In contrast to the sedation protocol, one patient with poor neurological outcome was sedated with midazolam (37 µg/hr/kg) instead of propofol. In both groups, two patients received midazolam (27.4-63.8 µg/hr/kg) additional to the sedation with propofol. EEG, electroencephalogram; SSEP, somatosensory evoked potential. a Three patients with poor neurological outcome were missing: one already died, two due to EEG artifacts. Four patients with good neurological were missing: two because the EEG registration was started after 12 hrs, two due to artifacts; b nine patients with poor neurological outcome were missing: six already died, two due to artifacts and one due to logistical problems. One patient with good neurological was missing due to logistical problems.
Within 24 hrs after resuscitation, 40% of the patients with poor neurological outcome still showed an isoelectric or lowvoltage EEG pattern, whereas none of the patients with good neurological outcome showed one of these patterns at this stage ( Table 2 ). The sensitivity of low-voltage or isoelectric EEG patterns for predicting poor neurological outcome after 24 hrs was 40% with a specificity of 100% (Table  3 ). The negative predictive value was 68% and the positive predictive value 100%.
All patients with good neurological outcome, except one (95%), showed improvement toward a continuous slowed pattern within 24 hrs after resuscitation (Table 2 ). An example is shown in Figure 2 . In contrast, all patients with poor neurological outcome, except one (96%), showed burst suppression, low-voltage, or isoelectric EEG patterns during the first 24 hrs after resuscitation (Table 2 ). In eight of them, the EEG improved to a continuous pattern in a later stage within 48 hrs. Six of those patients showed a low-voltage EEG in the beginning of the registration, and two patients showed a burst-suppression pattern. A typical example is shown in Figure 3 . In all other patients, the EEG did not become continuous even after 72 hrs, for example, patient 13 in Figure 4 . Table 3 summarizes the relevant sensitivity, specificity, and predictive value rates of the different EEG patterns and SSEP responses for predicting good (CPC score 1-2) and poor (CPC score 3-5) outcome within 24 hrs after resuscitation.
Presence of Epileptiform Activity. In eight patients (14%), the EEG was classified as seizure activity or GPDs. In seven patients, the discharges continued for several hours and despite treatment with antiepileptic drugs in five of them (phenytoin; in two cases levetiracetam was given additionally). All those seven patients had poor neurological outcome. In five of those patients, the epileptiform discharges followed after a burstsuppression pattern; the last two patients showed a continuous pattern before the GPDs occurred. One patient with GPDs had a good outcome; in this patient the discharges were self-limiting within 2 hrs and antiepileptic drugs were not given. This patient already showed a continuous pattern before the start of the GPDs.
In four additional patients (7%), the EEG showed a burst-suppression pattern, with the bursts consisting of sharp waves. In two patients, rhythmic movements of the eyes and mouth were present during the bursts, indicating a myoclonic status epilepticus. All these four patients had poor neurological outcome, despite treatment with phenytoin.
Three other patients with continuous, diffuse slow EEG patterns showed minor epileptiform abnormalities. In one of them, rhythmic activity of the feet, shoulder, and eyes was present. All these three patients responded well to treatment with antiepileptic drug and had good neurological outcome.
DISCUSSION
In this study, we explored the value of continuous EEG monitoring for the early prediction of neurological outcome in patients after cardiac arrest treated with hypothermia. In our study population, 27 of 56 patients (48%) obtained good neurological outcome (CPC score 1-2), which is within the 34%-55% range mentioned in other studies (1-4) . The first 24 hrs of EEG after resuscitation were the most useful in the prediction of both good and poor neurological outcome.
Our SSEP findings are comparable to the work of Bouwes et al (3) . In their study of 77 patients, bilateral absence of the cortical N20 responses of median nerve SSEP performed during mild hypothermia 24 hrs after resuscitation predicted a poor neurological outcome with a sensitivity of 27% and a specificity of 100%. However, in literature one patient treated with TH after cardiac arrest, with bilateral absent N20 responses at day . Bottom: patients with poor neurological outcome (3) (4) (5) . In all patients with a continuous EEG pattern after 12 hrs (diffuse slowing or normal, top panel), outcome was good. In all patients with isoelectric or low-voltage EEG after 24 hrs (bottom panel), outcome was poor. Burst suppression at 24 hrs is also associated with poor outcome, but does not reach a specificity of 100%.
3 and with good neurological outcome (CPC score 1), is described (9) . Despite this single case, pooled analysis of recent SSEP studies on hypothermia patients (3, 9, 10, 16) gives a very low false-positive rate of 1.2% (24, 25) . After 12 hrs, 44% of the patients with good neurological outcome showed a continuous EEG pattern, whereas none of the patients with poor neurological outcome showed continuous EEG patterns. The evolution from absent cortical activity to an intermittent pattern and finally to a continuous pattern in patients with good neurological outcome was already described in 1984 by Jørgensen and Malchow-Møller (26-28).
They studied patients after cardiac arrest with no detectable cortical activity in the initial EEG. These patients were not treated with TH and were typically unsedated. In their study, patients with good neurological outcome and absent EEG activity measured directly after the cardiac arrest showed a return of cortical activity within 10 mins to 8 hrs. In these patients, the EEG activity could occur intermittently for as long as 16 hrs; thereafter, the activity became continuous in all patients with good neurological outcome (26) . In contrast, patients with poor neurological outcome showed slower or no recovery in their EEG patterns (27, 28) .
The sensitivity for predicting poor outcome of low-voltage and isoelectric EEG patterns 24 hrs after resuscitation was 40%, with a specificity of 100%. This is significantly larger than the SSEP at 24 hrs, which had a sensitivity of 24% and a specificity of 100%. This difference in sensitivity most likely results from the larger vulnerability of cortical pyramidal cell synaptic function than the thalamocortical synapses in ischemia: pyramidal cell synaptic function is mainly reflected by the EEG, whereas SSEP mainly evaluates the thalamocortical synaptic function (29) .
A burst-suppression pattern after 24 hrs was also associated with poor neurological outcome, however not at a specificity of 100%: the sensitivity was 95% and the specificity was 96%. In some patients with poor neurological outcome, the burst-suppression pattern improved to a continuous EEG pattern at a later stage. This illustrates that the time scale of improvement of the EEG pattern is a relevant factor in the prognosis. Further differentiation of burst-suppression patterns may be relevant in predicting poor outcome, as large differences in the type of burst-suppression patterns exist, including more specific patterns associated with a poor outcome (30) . This was, however, not explored further in this study.
Our findings support earlier studies in patients not treated with TH, which report that the combined group of isoelectric, low-voltage, and burst-suppression EEG patterns is associated with poor neurological outcome (7, 31) . More recently, in a study of Rundgren et al (5, 32) , 95 patients with cardiac arrest treated with TH were studied with continuous EEG as well. In their study, a simplified two-channel amplitude-integrated EEG was used, which is more easy to apply in the ICU and shortens the time of visual interpretation. Their study used a similar cooling regimen, except that some patients were cooled using intravenous instead of external cooling. Sedation levels with propofol during hypothermia were also similar to our study. It was shown that an initial flat pattern had no prognostic value, whereas a continuous EEG pattern at the start of registration or at the beginning of normothermia was associated with good neurological outcome (5, 32) . Our findings confirm these results. In addition, we also studied the EEG evolution over time, showing that the EEG patterns at 12 or 24 hrs were more informative than the initial EEG and the EEG at normothermia (Fig. 1) . A recent study of Rossetti et al (18) also reported that "prolonged burst suppression" activity is associated with poor neurological outcome in patients treated with hypothermia. However, a detailed comparison between their and our findings is difficult, as it is not clear in all cases at which moment after cardiac arrest their EEGs were evaluated. In addition, different sedatives were used in their study compared to ours (midazolam instead of propofol). Epileptiform discharges or burstsuppression patterns containing sharp waves or associated with epileptiform activity were present in 21% of the patients. All those epileptiform discharges were associated with poor outcome, except for one patient (with self-limiting epileptiform discharges). These findings are similar to other studies, which also concluded that both GPDs and a status epilepticus are associated with poor outcome, but not invariably so (33) (34) (35) (36) (37) . The background EEG pattern prior to the development of the status epilepticus might have a prognostic value in these patients (5) . Minor epileptiform abnormalities on a continuous background EEG were present in three patients; those three patients responded to antiepileptic drugs and recovered well.
In our study, we tried to identify early predictors during the first 24 hrs using ongoing EEG activity. Clinical scores, in particular the Glasgow coma score, were not used in this analysis, as these are highly unreliable during the first 24 hrs because patients were sedated and treated with TH. Furthermore, we did not include initial rhythm, cause of cardiac arrest, location of cardiac arrest, comorbidities, or other scores such as the Acute Physiology and Chronic Health Evaluation score in the statistical modeling. It is well known that any of these factors affects neurological recovery as well (4, 38) . However, in this study, we primarily focused on the predictive value of the EEG on its own, as the EEG directly reflects cortical neuronal function (17) , known to be most sensitive to ischemic injuries.
Although all patients were treated with sedative drugs during the period of hypothermia according to the same treatment protocol, differences in sedation levels may have influenced the EEG patterns. However, no significant difference in sedation level between the group with good neurological outcome and poor neurological outcome was found (Table 1) . We note, however, that a trend was found in the dosages of fentanyl and remifentanil between the groups of patients with poor and good neurological outcome, with both drugs given in a higher dose in patients with good neurological outcome. Furthermore, it is unlikely that the most severe EEG patterns (isoelectric and low voltage) were caused by the use of propofol, fentanyl, or remifentanil in the doses used, as the EEG is not suppressed figure 4. Trend in electroencephalogram (EEG) of patient number 13 (Cerebral Performance Category score 5) with poor neurological outcome. In this patient, the EEG never improved to an EEG pattern better than burst suppression. Norm, normal, Slow, diffuse slowed, Epilept, epileptiform discharges, Burst, burst suppression, Low, low voltage, Iso, isoelectric.
at these doses, and typically only shows moderate slowing (39) . Other institutions may have different sedation regimens, which possibly could affect the EEG patterns. Therefore, it is presently unclear to what extent our results to patients treated with higher doses or different sedatives can be extrapolated.
A possible shortcoming of this study was that the treating physicians were not completely blinded to the EEG and SSEP results. This may have led to "selffulfilling prophecies." According to current treatment guidelines, treatment was stopped if the N20 response was bilaterally absent at day 3. Furthermore, some patients died within the first week after cardiac arrest for other reasons, for example, due to a second cardiac arrest. We cannot exclude that complete neurological recovery could have occurred in these patients. Furthermore, it should be noted that this was a single-center study that may have had an effect on the visual analysis of the EEGs. Given, however, that the categories were defined in a very clear manner, it is unlikely that the interpretation of the patterns was significantly biased. Another limitation might be that we only used 5-min epochs of EEG data every hour, instead of the complete registration. However, it is unlikely that this had a significant influence on our results, because the EEG patterns typically evolved over hours.
In closing, this study provides additional support for the relevance of EEG monitoring in the ICU in patients treated with TH. Clearly, future studies are needed, preferably multicenter studies, to confirm these results and to tighten the confidence intervals, in particular of the specificity. In addition, as visual analysis of EEG monitoring is time-consuming and can only be done by experienced electroencephalographers, it will become crucial to use automatic classification techniques (40) or to only extract the most important quantitative EEG variables (41) .
CONCLUSIONS
This prospective study shows that EEG monitoring during the first 24 hrs after resuscitation can contribute to the prediction of both good and poor neurological outcome. For successful recovery, the time scale during which EEG improves toward a continuous pattern has to occur within the order of 24 hrs. In our study, an isoelectric or low-voltage EEG pattern 24 hrs after resuscitation was associated with poor neurological outcome with a sensitivity that was almost two times larger than the bilateral absence of the N20 SSEP response.
